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ABSTRACT 
Acoust ic  i n t e n s i t y  measurements were made a t  NASA 
Lewis Research Center on a spur  gear t e s t  apparatus.  
The measurements were ob ta ined w i t h  t h e  Robot ic Acous- 
t i c  I n t e n s i t y  Measurement System developed by  Cleveland 
S t a t e  U n i v e r s i t y .  Th is  system p rov ided  dense s p a t i a l  
p o s i t i o n i n g ,  and was c a l i b r a t e d  a g a i n s t  a h i g h  q u a l i t y  
acous t i c  i n t e n s i t y  system. The measured gear no i se  com- 
pared gearse ts  hav ing  two d i f f e r e n t  t o o t h  p r o f i l e s .  
The t e s t s  eva lua ted  t h e  sound f i e l d  o f  t h e  d i f f e r e n t  
gears f o r  two speeds and t h r e e  loads .  The exper imenta l  
r e s u l t s  showed t h a t  gear t o o t h  p r o f i l e  had a major  
e f f e c t  on measured no ise .  Load and speed were found t o  
have an e f f e c t  on no ise  a l s o .  
INTRODUCTION 
The NASA Lewis Research Center i n v e s t i g a t e d  t h e  
e f f e c t  o f  t o o t h  p r o f i l e  on t h e  acous t i c  behav io r  o f  
spur  gears th rough exper imenta l  techn iques .  The t e s t s  
were conducted by Cleveland S ta te  U n i v e r s i t y  (CSU) i n  
NASA Lewis '  spur gear  t e s t i n g  apparatus.  Acous t ic  
i n t e n s i t y  ( A I )  measurements o f  t h e  apparatus were 
ob ta ined us ing  a Robot ic Acous t ic  I n t e n s i t y  Measurement 
System (RAIMS). Th is  system was developed by CSU f o r  
NASA t o  eva lua te  t h e  use fu lness  o f  a h i g h l y  automated 
acous t i c  i n t e n s i t y  measurement t o o l  i n  t h e  reverberant  
environment o f  gear  t ransmiss ion  t e s t  c e l l s .  
The purpose o f  t h i s  paper i s  t o  r e p o r t  on t h e  
r e s u l t s  o f  no i se  t e s t s  o f  two d i f f e r e n t  spur  gear pro- 
f i l e  c o n f i g u r a t i o n s  which i nc luded  a t o t a l  o f  12 d i f -  
f e r e n t  speed and load  cond i t i ons .  Also,  t h e  use fu l  
f ea tu res  o f  an automated acous t i c  i n t e n s i t y  measurement 
system a r e  demonstrated th rough t h e  p resen ta t i on  of  t h e  
t e s t  r e s u l t s .  
R A I M S  
R A I M S  c o n s i s t s  of  a two-channel spectrum ana lyzer  
(FFT), a desktop computer, an i ns t rumen ta t i on  robo t  
arm. a d i g i t a l  c o n t r o l  u n i t  f o r  t h e  robo t  and an acous- 
t i c  i n t e n s i t y  probe as shown i n  F i g .  1. The computer, 
ana lyze r  and d i g i t a l  c o n t r o l  u n i t  module a re  connected 
v i a  an IEEE-488 i n t e r f a c e  bus t o  p rov ide  computer coor -  
d i n a t i o n  o f  t h e  robo t  and da ta  a c q u i s i t i o n  system. A 
d e s c r i p t i o n  o f  t h e  components and an e v a l u a t i o n  o f  t h i s  
automated system have been repo r ted  by Flanagan and 
A the r ton  (1.2).  
R A I M S  measures acous t i c  i n t e n s i t y  by t h e  two m ic ro -  
phone techn ique,  u t i l i z i n g  t h e  imag inary  p a r t  o f  t h e  
cross-power spectrum. Other  researchers (3.4) have used 
t h i s  techn ique f o r  acous t i c  measurements i n  reve rbe ran t  
environments and have i n v e s t i g a t e d  t h e  source and e f f e c t  
o f  var ious  measurement e r r o r s  i n  t h i s  method (5.6). The 
microphones and t h e  i n s t r u m e n t a t i o n  c o n s i s t  o f  h i g h  
q t l a l j t y ,  commercial ly a v a i l a b l e  equipment. Because t h e  
acous t i c  i n t e n s i t y  a l g o r i t h m  was programed i n  t h e  desk- 
t o p  computer t h e  system was c a l i b r a t e d  aga ins t  a com- 
m e r c i a l l y  a v a i l a b l e ,  p r e c i s i o n  system which computes 
acous t i c  i n t e n s i t y  d i r e c t l y .  Th i s  process i nvo l ved  t h e  
comparison o f  t h e  acous t i c  i n t e n s i t y  f rom a no ise  source 
by t h e  two systems and prov ided v e r i f i c a t i o n  and c a l i -  
b r a t i o n  o f  R A I M S  i n  t h e  f requency domain. 
Acous t ic  i n t e n s i t y  i s  t h e  n e t  f l o w  o f  sound power 
p e r  u n i t  area as measured a t  a p o i n t  i n  space. It con- 
t a i n s  bo th  magnitude and d i r e c t i o n  i n f o r m a t i o n  and i s  
g e n e r a l l y  presented i n  t h e  f requency domain t o  d i s p l a y  
t h e  f requency conten t  o f  t h e  i n t e n s i t y  vec to r .  
ments a t  p o i n t s  which fo rm an i n c l u s i v e  envelope around 
a no ise  source can p rov ide  i n f o r m a t i o n  on t h e  source 
l o c a t i o n  and t o t a l  em i t ted  sound power. The t o t a l  sound 
power i s  a u s e f u l  q u a n t i t y  because i t  i s  a c h a r a c t e r i s -  
t i c  o f  t h e  no ise  source and i s  una f fec ted  by t h e  
environment.  
The A I  em i t ted  f rom t h e  spur gear t e s t  apparatus 
depends on t h e  na tu re  o f  t h e  e x c i t a t i o n  and t h e  manifes- 
t a t i o n  o f  t h e  sur face  v i b r a t i o n  i n t o  t h e  acous t i c  f a r -  
f i e l d .  Sur face  mounted accelerometers a re  f r e q u e n t l y  
used t o  i d e n t i f y  v i b r a t i o n  ampl i tudes b u t  t hey  cannot 
c h a r a c t e r i z e  t h e  no ise  f i e l d  phenomena. Also, acce le r -  
ometers a r e  l i m i t e d  t o  measuring the  v i b r a t i o n  a t  t h e  
at tachment p o i n t  t o  t h e  s t r u c t u r e .  A t  t h e  beg inn ing  o f  
Measure- 
*Work funded by NASA Grant NAG 3-315 
1 
t e s t i n g ,  i t  i s  d i f f i c u l t  t o  determine t h e  accelerometer 
placement t o  p i c k  up the most dynamica l l y  a c t i v e  p o i n t s  
o f  t h e  s t r u c t u r e .  Accelerometers on t h i n ,  f l e x i b l e  
housings can mass load t h e  s t r u c t u r e  and c o r r u p t  t h e  
dynamic response as w e l l  as t h e  r e s u l t i n g  acous t i c  
f i e l d .  Sound pressure measurements from s i n g l e  m ic ro -  
phones can a l s o  be biased by t h e  reve rbe ra t i on  and 
a c o u s t i c a l  absorp t ion  c h a r a c t e r i s t i c s  o f  t h e  sur round-  
i n g  environment.  Because acous t i c  i n t e n s i t y  i s  a vec- 
t o r  q u a n t i t y  and does not measure s tand ing  waves, i t  
has been shown t o  be a v i a b l e  techn ique t o  c h a r a c t e r i z e  
r a d i a t e d  sound power and i d e n t i f y  acous t i c  sources i n  
reve rbe ran t  environments. 
APPARAl  US AND TEST HARDWARE 
The exper imental  no ise  t e s t s  were performed i n  t h e  
NASA Lewis Research Center gear f a t i g u e  t e s t  apparatus 
shown i n  F i g .  2. The t e s t  apparatus i s  o f  t h e  f o u r -  
square power loop type w i t h  t h e  to rque  p re load  supp l i ed  
by a r o t a r y  hyd rau l i c  ac tua to r  b u i l t  i n t o  one o f  t h e  
s h a f t s .  An e l e c t r i c  motor, a t tached a t  t h e  ex tens ion  
o f  t h e  second s h a f t ,  provides t h e  power t o  d r i v e  t h e  
system. Changes i n  load cond i t i ons  a re  made by a d j u s t -  
i n g  t h e  h y d r a u l i c  pressure on t h e  a c t u a t o r  l oad ing  
vanes. Speed changes are  made by exchanging sheaves. 
The s lave  gears a r e  simple supported by t h e  bear ings  
and t h e  t e s t  gears are overhung c a n t i l e v e r  fash ion  a t  
t he  f r o n t  o f  t h e  apparatus. The two bear ings  a r e  sup- 
po r ted  by v e r t i c a l l y  r i g i d  mounting p l a t e s .  A metal  
cover w i t h  a t ransparent v iewpor t  i n  t h e  cen te r  enc lo -  
ses t h e  t e s t  gears.  
Two se ts  o f  gears were tes ted .  The f i r s t  s e t  con- 
s i s t e d  o f  t h e  NASA standard f a t i g u e  t e s t e r  gears whose 
dimensions a r e  shown i n  Table I .  This  s e t  o f  gears has 
t i p  r e l i e f  s t a r t i n g  a t  about 27" r o l l  ang le  which i s  
j u s t  be fo re  t h e  s t a r t  of s i n g l e  t o o t h  con tac t  d u r i n g  
mesh. As t h e  r o l l  angle increases, t h e  t o o t h  p r o f i l e  
has a l i n e a r  dev ia t i on  f rom t h e  t r u e  i n v o l u t e .  The 
t e e t h  o f  t h e  second s e t  o f  gears had t o o t h  p r o f i l e  modi- 
f i c a t i o n s  c o n s i s t i n g  o f  s l i g h t l y  more t i p  r e l i e f  and 
t h e  a d d i t i o n  o f  r o o t  r e l i e f .  The gear t o o t h  p r o f i l e s  
were measured on an i nvo lu te  checking machine and t h e i r  
t r a c e s  a r e  shown i n  Fig. 3. 
TEST PROGRAM 
The acous t i c  i n t e n s i t y  measurement program was 
c a r r i e d  o u t  a t  t h e  operat ing cond i t i ons  i n d i c a t e d  i n  
Table 11. Implementation o f  t h e  12 t e s t s  was accom- 
p l i s h e d  by a d j u s t i n g  the pressure  t o  t h e  h y d r a u l i c  ac tu -  
a t o r  o f  t h e  t e s t  r i g  and exchanging t h e  sheave diameters 
o f  t h e  i n p u t  s h a f t .  For t h e  two opera t i ng  speeds o f  t h e  
t e s t ,  t h e  meshing frequencies o f  t h e  28 t e e t h  t e s t  gear 
and 35 t e e t h  s lave  gear a r e  i n d i c a t e d  i n  Table 111. 
To c a r r y  o u t  the acous t ic  t e s t s ,  R A I M S  was p laced 
i n  f r o n t  o f  t h e  t e s t  r i g  f a c i n g  t h e  t e s t  gear cover.  
The robo t  was then programmed t o  measure A I  i n  t h e  f o u r  
planes t o  t h e  l e f t ,  f r o n t ,  r i g h t ,  and t o p  o f  t h e  cover  
i n  square p a t t e r n s  o f  2 . 5 4  cm e x t e n t  as i n d i c a t e d  i n  
F ig .  4. The t i p  o f  the acous t i c  i n t e n s i t y  probe was 
h e l d  between 5 t o  10 cm f rom t h e  sur face  o f  t h e  t e s t  
r i g .  A t o t a l  number o f  163 scan p o s i t i o n s  were used. 
Taking t h e  average o f  32 measurements, c a l c u l a t i n g  
t h e  acous t i c  i n t e n s i t y ,  s t o r i n g  the  data,  and p o s i t i o n -  
i n g  o f  t h e  robo t  required about 1 min.  Th is  automated 
sequence was repeated f o r  a l l  o f  t h e  163 s p a t i a l  p o i n t s  
o f  t h e  t o t a l  scan. The 163 p o i n t s  d i d  n o t  represent  a 
complete enc losure  scan. Consequently, t h e  s p a t i a l  
i n t e g r a t i o n  o f  t h e  acoust ic i n t e n s i t y  represents  o n l y  a 
p a r t i a l  measurement o f  t h e  t o t a l  sound power. A com- 
p l e t e  c losu re  scan was n o t  poss ib le  due t o  p i p i n g  
o b s t r u c t i o n s  and l i m i t e d  access space. The p a r t i a l  
sound power i s  s t i l l  a u s e f u l  measurement f o r  t h e  com- 
pa r i son  t e s t  o f  t h e  two gear p a i r s .  
l E S l  RESULTS 
The automated t e s t  program produced a g rea t  dea l  I 
o f  da ta ,  p o r t i o n s  o f  which a r e  presented i n  t h e  f o l l o w -  l 
i n g  graphs. F igu re  5 shows t h e  A I  spectrum a t  one of  
t h e  163 p o i n t s  f o r  t h e  standard t e s t  gears ope ra t i ng  a t  I 
10 160 rpm and 1615 N t a n g e n t i a l  load. 
ampl i tudes which a re  p resen t  ( t o  a g r e a t e r  o r  l e s s e r  
degree) i n  a l l  o f  t h e  A I  spectrums f rom each o f  t h e  
163 measurement p o i n t s .  The f i r s t  r eg ion  extends from 
t h a t  a r e  separated by t h e  opera t i ng  speed o f  170 Hz. 
The h i g h  ampl i tudes i n  t h i s  reg ion  a re  a t t r i b u t a b l e  t o  I 
t h e  e x c i t a t i o n  f rom t h e  bear ing  passing f requenc ies  
which may be a m p l i f i e d  by t h e  t e s t  gear cover.  
The ampl i tudes i n  t h i s  reg ion  a re  caused by t h e  c o i n c i -  
dence o f  t h e  t o r s i o n a l  n a t u r a l  f requency p r e d i c t e d  by 
Mark ( 7 )  t o  be a t  3500 H z .  Region t h r e e  extends f rom 
4300 t o  6000 Hz,  and i t  represents  t h e  c o n t r i b u t i o n  
f rom t h e  fundamental meshing f requenc ies  o f  t h e  t e s t  
and s lave  gears.  The sidebands a re  caused by t h e  
e r r o r s  o f  t h e  gear t o o t h  p r o f i l e s .  
The fundamental and f i r s t  harmonic meshing frequen- 
c i e s  o f  t h e  t e s t  gear a r e  a t  4741 and 9482 Hz. The fun- 
damental mesh frequency o f  t h e  s lave  gear i s  a t  5927 Hz. 
Note t h e  s t rong  presence o f  t h e  s lave  gears. Th is  i s  
f a t i g u e  t e s t i n g  and t h e  s lave  gears a r e  l i g h t l y  loaded. 
An i n d i c a t i o n  o f  t h e  housing dynamic behav io r  can 
be ob ta ined by p l o t t i n g  l i n e s  o f  cons tan t  i n t e n s i t y  a t  
a g i ven  frequency f o r  a complete measuring p lane.  
F igu re  6 shows such an i s o - i n t e n s i t y  p l o t  f o r  t h e  r i g h t  
s i d e  o f  t h e  spur gear t e s t i n g  apparatus us ing  t h e  same 
opera t i ng  c o n d i t i o n  as i n  F i g .  5 a t  5927 Hz. Th is  p l a -  
n a r  rep resen ta t i on  shows concen t ra t i on  o f  h i g h  and low 
ampl i tudes across t h e  p lane which appear t o  d e r i v e  t h e i r  
o r i g i n  f rom t h e  s t r u c t u r a l  dynamics o f  t h e  housing. 
F igures  7 t o  10 a r e  t h e  r e s u l t s  when, a t  a g i ven  
load/speed c o n d i t i o n ,  t h e  acous t i c  sound power o f  t h e  
scanned area i s  determined. The p l o t s  show t h e  sound 
power from standard and mod i f i ed  gears a t  t h e  two speed 
cond i t i ons  and 1615 N load.  
No t i ce  t h e  gear mesh and sideband f requenc ies ,  and 
bear ing  passing f requenc ies  a r e  s t i l l  p resen t .  Inspec- 
t i o n  o f  t h e  f o u r  p l o t s  shows t h e  s t rong  s i g n a l  f rom t h e  
s lave  gears and bear ings .  For  t h e  standard t e s t  gear 
cases, t h e  ampl i tude inc reased by 5 db f rom t h e  low t o  
t h e  h i g h  speed t e s t s  a t  t h e  s lave  gear fundamental f r e -  
quency ( F i g s .  7 and 8 ) .  For t h e  mod i f i ed  t e s t  gear 
cases, t h e  inc rease was n e a r l y  10 db a t  t h e  s lave  gear  
fundamental f requency (F igs .  9 and 10 ) .  The cause f o r  
t h i s  h i g h e r  inc rease cou ld  be due t o  t h e  i n f l u e n c e  o f  
t h e  mod i f i ed  t e s t  gears,  which have a r e l a t i v e l y  h i g h  
ampl i tude,  on t h e  s lave  gears ( c ross -coup l i ng ) .  
The standard t e s t  gears show a 10 db inc rease i n  
ampl i tude f rom t h e  h i g h  t o  t h e  low speed t e s t  (F igs .  7 
and 8 ) .  The exp lana t ion  i s  t h a t  t h e  t e s t  gears opera- 
t e d  near t h e  p r e d i c t e d  t o r s i o n a l  n a t u r a l  f requency range 
o f  3500 HZ a t  t h e  low speed t e s t s .  F i n a l l y ,  t h i s  e f f e c t  
i s  n o t i c e a b l e  even i n  t h e  mod i f i ed  gear t e s t  data.  The 
d i f f e r e n c e  between t h e  ampl i tudes  of  t h e  standard and 
mod i f i ed  t e s t  gears a t  t h e  h i g h  speed t e s t  i s  n e a r l y  
16  db. 
F igu re  11 i s  a comparison o f  t h e  s i x  t e s t s  pe r -  
formed f o r  each gearse t .  The measurements i n d i c a t e  a 
The spectrum o f  F ig .  5 shows t h r e e  reg ions  o f  h i g h  I 
I 
I 
500 t o  1500 Hz, and i s  cha rac te r i zed  by seve ra l  peaks I 
I 
The second reg ion  extends from 2800 t o  3500 Hz.  I 
i 
I 
I 
1 
I 
n o t  unexpected s ince  t h e  t e s t  apparatus i s  used f o r  
I 
I 
I 
2 
s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  performance o f  t h e  stand- 
a r d  and m o d i f i e d  gearsets  and s l i g h t  v a r i a t i o n s  due t o  
l oad  and speed. 
CONCLUSIONS 
Review o f  t h e  experiments and t h e  t h e o r i e s  f o r  
acous t i c  i n t e n s i t y  and spur  gears leads t o  t h e  f o l l o w -  
i n g  conclus ions:  
f requencies.  
de te rm ina t ion  o f  t o t a l  sound power f rom a no ise  source 
n o t  w i ths tand ing  t h e  d i f f i c u l t y  i n  g e t t i n g  around 
o b s t r u c t i o n s .  
spo ts "  ( s u r f a c e  sources and leaks ) .  However, t h e  meas- 
ured acous t i c  i n t e n s i t y  i s  r e l a t e d  o n l y  t o  t h e  su r face  
phenomena w h i l e  t h e  i t e m  o f  i n t e r e s t  i s  t h e  source exc i  
t a t i o n .  I d e n t i f i c a t i o n  o f  t h e  e x c i t a t i o n  f rom t h e  sur-  
f ace  phenomena i s  dependent upon t h e  dynamic behavior  
o f  t h e  s t r u c t u r e .  
gears a r e  n o i s i e r  t han  s tandard t e s t  gears.  This shows 
t h e  marked s e n s i t i v i t y  o f  gear no i se  t o  t h e  i n f l u e n c e  
o f  t o o t h  p r o f i l e .  
1. Acoust ic  i n t e n s i t y  i d e n t i f i e s  dominant 
2. Robot ic  a c o u s t i c  i n t e n s i t y  measurements a l l o w  
3. The a c o u s t i c  i n t e n s i t y  method can l o c a t e  " h o t  
4 .  The t e s t  d a t a  i n d i c a t e s  t h a t  t h e  mod i f i ed  t e s t  
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TABLE I. - SPUR GEAR DATA 
T e s t  T e s t  gea r  T a n g e n t i a l  l o a d ,  
1 S tandard  1615 ( 3 6 3 )  
1615 ( 3 6 3 )  
1292 ( 2 9 0 )  
1292 ( 2 9 0 )  
969 ( 2 1 8 )  
969 ( 2 1 8 )  
1615 ( 3 6 3 )  
1615 ( 3 6 3 )  
1292 ( 2 9 0 )  
2 
3 
4 
5 
6 
7 Modi f i ed 
8 
1292 ( 2 9 0 )  
969 ( 2 1 8 )  I 969 ( 2 1 8 )  9 10 11 12 
number N ( l b )  
I 
T e s t  gea r  - s t a n d a r d :  
Number o f  t e e t h  . . . . . . . . . . . . . . . . . . . . 2 8  
D i a m e t r a l  p i t c h  . . . . . . . . . . . . . . . . . . . . 8 
Whole d e p t h ,  cm ( i n . )  . . . . . . . . . . . 0.762 (0 .300 )  
Addendum, cm ( i n . )  . . . . . . . . . . . . . 0.318 (0 .125 )  
P ressu re  a n g l e ,  deg . . . . . . . . . . . . . . . . . . 20 
P i t c h  d i a m e t e r ,  cm ( i n . )  . . . . . . . . . . 8 .890  ( 3 . 5 0 0 )  
Too th  w i d t h ,  cm ( i n . )  . . . . . . . . . . . 0.635 (0 .250 )  
O u t s i d e  d i a m e t e r ,  cm ( i n . )  . . . . . . . . . 9.525 (3 .750 )  
Root f i l l e t ,  cm ( i n . )  . . . . . . . . . . . 0.102 t o  0.152 
( 0 . 0 4  t o  0.06)  
Speed, 
r Pm 
10 160 
7 470 
10 160 
7 470 
10 160 
7 470 
10 160 
7 470 16  
7 470 
10 160 
7 470 
Measurement o v e r  p i n s ,  cm ( i n .  ) . . . . . . 9 .603  t o  9.630 
(3 .7807 t o  3 .7915)  
P i n  d i a m e t e r ,  cm ( i n . )  , . . . . , . . . . . 0.549 (0 .216 )  
Back lash ,  cm ( i n . )  . . . . . . . . . . . . . 0 .0254  (0 .010 )  
T i p  r e l i e f ,  cm ( i n . )  . . . . . . . . . . . 0.001 t o  0.0015 
(0 .0004  t o  0 .0006)  
T e s t  gea r  - M o d i f i e d :  
N u m b e r o f t e e t h  . . . . . . . . . . . . . . . . . . . . 3 5  
D i a m e t r a l  p i t c h  . . . . . . . . . . . . . . . . . . . . 10 
Too th  w i d t h ,  cm ( i n . )  . . . . . . . . . . . . . 3.81 ( 1 . 5 )  
see F i g .  3 f o r  m o d i f i c a t i o n s  
S l a v e  gear  
TABLE 11. - LOAD AND SPEED CONDITIONS 
TABLE 111. - MESHING FREQUENCIES 
O p e r a t i n g  speed, T e s t  g e a r ,  S l a v e  g e a r ,  I Hz 1 Hz 
10 160 4741 5927 
7 470 I 3486 1 4358 I 
ACOUST I c 
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UN I 
+ 
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ROBOT 
DESKTOP COMPUTER 
FIG. 1, - SCHEMATIC OF THE RAIMS SYSTEM. 
5 
\ LUBRICANT JETST, 
- 1 
- 
FIG. 2. - NASA LEWIS RESEARCH CENTER'S GEAR FATIGUE TEST 
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FIG. 4. - ACOUSTIC MEASUREMENT PLANS OF THE GEAR FATIGUE TEST 
APPARATUS. CROSSES INDICATE MEASUREMENT POSITIONS. 
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